Introduction
============

Dual anti-platelet therapy is the cornerstone in the management of acute coronary syndrome (ACS), including complicated coronary artery disease (CAD) managed by percutaneous coronary intervention (PCI).^\[[@R1],[@R2]\]^ Complicated CAD is strongly associated with poor prognosis, requiring more potent inhibition of platelet aggregation.^\[[@R3]--[@R5]\]^ As a member of the new chemical class cyclopentyl-triazolo-pyrimidines of the P2Y~12~ blockers, ticagrelor provides faster, greater, and more consistent P2Y~12~ inhibition than clopidogrel.^\[[@R6],[@R7]\]^ Compared with clopidogrel, ticagrelor is related to a lower risk of ischemic events, as shown in the PLATelet inhibition and patient outcomes (PLTAO) randomized trial, especially in the patients with complicated CAD.^\[[@R8]--[@R10]\]^ However, ticagrelor is also associated with an increased incidence of bleeding complications not related to coronary artery bypass surgery compared with clopidogrel, and dyspnea is more common among patients receiving ticagrelor.^\[[@R11]--[@R13]\]^ Additionally, confirmation of the diagnosis of complicated CAD often requires coronary angiography. As noted previously, more patients were treated with clopidogrel than ticagrelor before coronary angiography in clinical practice. This treatment scheme may lead to the switch from clopidogrel to ticagrelor in patients becoming common in the real world. The latest guidelines referenced the only trial on switching between clopidogrel and ticagrelor, which was conducted for powering of clinical endpoints, hence that study was not specifically contributing to a switching strategy including the best timing, dosage, and specific population.^\[[@R1],[@R8]\]^ Hence, the purpose of this study was to further explore the optimal dose and time point for the switching strategy to balance the increase in platelet inhibition and the decrease in adverse events in Chinese ACS patients with complicated CAD managed by PCI.

Methods
=======

Ethical approval
----------------

This study was approved by local ethics committee of the General Hospital of Northern Theater Command and informed consent was obtained from every candidate at the beginning of the study. The trial was carried out in accordance with the principles of the *Declaration of Helsinki*.^\[[@R14]\]^

Study design
------------

The SwitcHIng from clopidogrel to ticagrelor study (Clinicaltrials.gov, NCT03577652) was a prospective, randomized, open-label, single-center study. From July 2017 to December 2017, we enrolled Chinese ACS patients with complicated CAD who had been treated with a maintenance dose or loading dose of clopidogrel before coronary angiography and underwent successful drug-eluting stent implantation \[specific study inclusion criteria are shown in the Supplementary materials Table S1\]. Combining the clinical actual circumstances in China with the Synergy Between PCI With Taxus and Cardiac Surgery score, complicated CAD was defined as follows in this trial: (1) left main disease; (2) lesion length \>20 mm; (3) tortuous lesions (≥3 coronary artery branches and bent ≥45° along at least one arterial trunk); (4) small vascular lesions (blood vessel diameter ≤2.75 mm); (5) bifurcation lesions; (6) heavy calcification; and (7) in-stent restenosis.^\[[@R15]\]^ We excluded patients for whom ticagrelor treatment was contraindicated or those at a high-risk for bleeding \[specific study exclusion criteria are shown in the Supplementary materials Table S1\].

Randomization and treatment
---------------------------

After PCI, the eligible patients were randomly allocated into three groups: group A, which received 90 mg of ticagrelor plus 100 mg of aspirin at 12 h after the last dose of clopidogrel (T-90 mg-12 h); group B, which received 90 mg of ticagrelor plus 100 mg of aspirin at 24 h after the last dose of clopidogrel (T-90 mg-24 h); and group C, which received 180 mg of ticagrelor plus 100 mg of aspirin at 24 h after the last dose of clopidogrel (T-180 mg-24 h). All patients were then given 90 mg of ticagrelor twice daily plus 100 mg of aspirin once daily at the beginning of the next administration and the treatment maintained for at least 30 days after discharge. Other cardiac medications were given at the direction of physicians. The randomization sequence was generated by using random number table. A flow diagram of the study is presented in Figure [1](#F1){ref-type="fig"}A.

![Study design and patient disposition. (A) Adverse events include bleeding episodes and dyspnea. The MPA was measured by light transmittance aggregometry. Baseline values were measured while on clopidogrel maintenance therapy. Before discharge values were measured at 2 h after the last dose of ticagrelor during hospital. (B) Patient disposition. In total, 102 patients of the intention-to-treat analysis population formed the efficacy and safety endpoint cohorts. T-90 mg-12 h: Maintenance dose of 90 mg of ticagrelor at 12 h after the last clopidogrel treatment; T-90 mg-24 h: Maintenance dose of 90 mg of ticagrelor at 24 h after the last clopidogrel treatment; T-180 mg-24 h: Loading dose of 180 mg of ticagrelor at 24 h after the last clopidogrel treatment. ACS: Acute coronary syndrome; MPA: Maximal platelet aggregation; PCI: Percutaneous coronary intervention; R^∗^: Randomization.](cm9-132-2292-g001){#F1}

Platelet function assessments
-----------------------------

Venous blood samples were collected from every patient at the following time points: baseline (before accepting the first ticagrelor dose; for example, the venous blood samples in the T-90 mg-12 h group were collected at 12 h after the last clopidogrel treatment but before the first ticagrelor treatment), 2 h after conversion (2 h after the first administration of the scheduled ticagrelor treatment), 8 h after conversion (8 h after the first administration of the scheduled ticagrelor treatment), and before discharge (2 h after the last dose of ticagrelor during hospitalization). Samples were measured by light transmittance aggregometry (LTA) following the application of 20 μmol/L adenosine diphosphate (ADP). Maximal platelet aggregation (MPA) was determined to represent the extent of platelet aggregation and expressed as the maximum percent change in light transmittance.^\[[@R16]--[@R18]\]^ In accordance with previous studies, high on-treatment platelet reactivity (HPR) was defined as MPA \>59% (LTA, 20 μmol/L ADP) in the present study.^\[[@R19],[@R20]\]^

Outcomes and follow-up
----------------------

The primary endpoint was the comparison of MPA values at 2 h after switching strategies among the three groups. The secondary endpoints included comparisons of MPA values at the remaining time points among all three groups and the rates of HPR in all three groups at each pre-set time point. Adverse events comprised of bleeding events (defined according to the Bleeding Academic Research consortium \[BARC\] criteria, thrombolysis in myocardial infarction \[TIMI\] criteria and PLATO bleeding criteria) and dyspnea at 30 days after discharge and during hospitalization were also evaluated.^\[[@R8],[@R21]--[@R23]\]^ All participants were contacted by a phone call to assess study endpoints. The clinical incidents were gathered by the treating clinicians and were analyzed by investigators.

Statistical analysis
--------------------

The intention-to-treat analysis was used to analyze the results in our study. Based on preliminary experiment in this study and the previous research, we estimated that the mean MPA of treating with 180 mg ticagrelor would be 17% at 2 h after switching treatment and a loading does of ticagrelor therapy would result in a decrease in MPA of 40% compared with 90 mg ticagrelor therapy.^\[[@R24],[@R25]\]^ A sample size of 32 patients per group would be required with a 80% power and an *α* of 0.05. Therefore, considering a dropout rate of approximately 10%, 36 patients in each group were needed to ensure complete data. The mean ± standard deviation (SD) was presented for the continuous variables, and categorical variables were expressed as counts and percentages. The Kolmogorov-Smirnov test was performed to estimate whether a normal distribution was observed among continuous variables. If normality assumptions were not satisfied, the Kruskal-Wallis test was used, and data were expressed as medians. Categorical variables were compared by the *χ*^2^ test or Fisher exact test between groups, and we used one-way analysis of variance (ANOVA) to analyze continuous variables. A repeated-measures ANOVA model and one-way ANOVA were used to compare data at the primary endpoint and at each pre-set time point among all three groups as well as evaluating the difference between groups overtime points. A linear regression model was used to assess the association between the MPA levels and the time interval or dosage. A two-tailed value of *P* \< 0.05 was used to demonstrate a statistically significant difference for all the statistical analyses. Statistical analyses were performed with SPSS version 24.0 software (IBM Corporation, Armonk, NY, USA).

Results
=======

Baseline characteristics
------------------------

A total of 102 Chinese patients were included in the intention-to-treat analysis and formed the efficacy and safety populations. Four patients pre-maturely dropped out from the study because of severe side effects and non-compliance, hence, a total of 98 patients completed the entire follow-up \[Figure [1](#F1){ref-type="fig"}B\]. Table [1](#T1){ref-type="table"} summarizes the baseline characteristics of the study cohort, which were balanced among all the treatment groups. The angiographic and procedural characteristics are described in the Supplementary materials Table S1.

###### 

Baseline characteristics of the Chinese patients with acute coronary syndrome patients with complicated coronary artery.

![](cm9-132-2292-g002)

Pharmacodynamic findings
------------------------

In general, MPA levels were lower over the study time course with T-180 mg-24 h group *vs.* T-90 mg-12 h group (*P* = 0.010), but similar to T-90 mg-24 h group (*P* = 0.184). There were differences numerically in MPA levels over time between T-90 mg-12 h group and T-90 mg-24 h group (*P* = 0.191).

Platelet function as expressed by MPA was measured by LTA and illustrated in Figure [2](#F2){ref-type="fig"} and the Supplementary materials Table S3. The baseline levels of MPA were balanced among the groups (*P* = 0.941). The MPA values in all three conversion strategies were significantly reduced after the switch from clopidogrel to ticagrelor compared with baseline levels in our study \[Supplementary materials Figure S1\]. At 2 h after switching from clopidogrel to ticagrelor, the MPA values were lower in the T-180 mg-24 h group than in the T-90 mg-12 h group (28.22% *vs.* 17.23%, *P* = 0.017), and there was a non-significant decrease in MPA values between the T-180 mg-24 h group and T-90 mg-24 h group (25.44% *vs.* 17.23%, *P* = 0.072). The difference in platelet aggregation in the T-180 mg-24 h group compared with the other groups persisted at the 8 h time point (28.46% *vs.*12.19%, *P*~(T-180\ mg-24\ h\ *vs.*T-90mg-12\ h)~ \<0.001; 18.20% *vs*. 12.19%, *P*~(T-180\ mg-24\ h\ *vs*.T-90\ mg-24\ h)~ = 0.073). The rates of HPR were not markedly different at each time point among three groups \[Table [2](#T2){ref-type="table"}\].

![Pharmacodynamic comparisons among groups. Comparisons of mean maximal platelet aggregation measured by light transmittance aggregometry among groups after switching from clopidogrel to ticagrelor therapy. Data were shown as the mean ± SE. Baseline values were measured while on clopidogrel maintenance therapy. Before discharge values were measured at 2 h after the last dose of ticagrelor during hospital. The *P*^∗^ value denoted the T-90 mg-12 h group comparing with the T-180 mg-24 h group at 2 h after switching strategies; the *P*^†^ value denoted the T-90 mg-12 h group comparing with the T-90 mg-24 h group at 8 h after switching strategies; The *P*^‡^ value denoted the T-90 mg-12 h group comparing with the T-180 mg-24 h group at 8 h after switching strategies. MPA: Maximal platelet aggregation; SE: Standard error; T-90 mg-12 h: Maintenance dose of 90 mg of ticagrelor at 12 h after the last clopidogrel treatment; T-90 mg-24 h: Maintenance dose of 90 mg of ticagrelor at 24 h after the last clopidogrel treatment; T-180 mg-24 h: Loading dose of 180 mg of ticagrelor at 24 h after the last clopidogrel treatment.](cm9-132-2292-g003){#F2}

###### 

High on-treatment platelet reactivity events of the Chinese patients with acute coronary syndrome and complicated coronary artery (MPA \>59%).

![](cm9-132-2292-g004)

Then we analyzed platelet reactivity between the T-90 mg-24 h and the T-90 mg-12 h group to investigate whether exposure to clopidogrel could interfere with ticagrelor-induced anti-platelet effects. Notably, there was a significant difference in MPA values between the T-90 mg-24 h and the T-90 mg-12 h groups at 8 h after switching the treatment (28.46% *vs*. 18.20%, *P* = 0.002). The repeated measures ANOVA analysis confirmed that the study treatment (group A *vs*. group B *vs*. group C) and the pre-set time points (baseline, 2 and 8 h, before discharge) indeed had an effect on platelet aggregation (*F* = 151.621, *P*~(pre-set\ time\ points)~ \<0.001; *F* = 3.448, *P*~(study\ treatment)~ = 0.036). Furthermore, there was an interaction effect between the pre-set time points and the study treatment (*F* = 5.276, *P*~(interaction)~ = 0.002), and the significant difference in MPA values between the T-90 mg-24 h and the T-90 mg-12 h groups at 8 h was validated by simple effect analysis (*t* = 10.257, *P* = 0.006). The baseline variables, the time interval (the time interval from the last dose of clopidogrel administration to the shift to ticagrelor) and the dosage of ticagrelor were included in a stepwise linear regression model to assess the association between the MPA at 8 h and the time interval or dosage. The results showed that the MPA at 8 h was a negative correlation to the time interval (*Beta* = −0.360, *P* \< 0.001). It was also noticeable that compared with the T-90 mg-24 h group, the T-90 mg-12 h group exhibited a numerical increase in the proportion of patients with HPR at either 2 or 8 h after switching the treatment strategy (8.6% *vs*. 5.7%, *P*~(2\ h)~ = 0.367; 5.7% *vs*. 0, *P*~(8\ h)~ = 0.327) \[Table [2](#T2){ref-type="table"}\].

Safety and tolerability
-----------------------

First, one case of fundus hemorrhage occurred in the T-90 mg-12 h group, and this patient withdrew from the study. In addition, none of the patients suffered life-threatening adverse events in our study during the whole follow-up period. At 30 days after discharge, the incidence of BARC one bleeding events was 34.3% in the T-90 mg-12h group, 42.9% in the T-90 mg-24 h group, and 31.3% in the T-180 mg-24 h group (*P* = 0.587). The results of bleeding episodes classified by BARC, TIMI, or PLATO criteria were shown in Table [3](#T3){ref-type="table"}, with similar conclusions were achieved. Dyspnea occurred in the T-90 mg-12 h group for 10 (28.6%) events, in the T-90 mg-24 h group for 10 (28.6%) events, in the T-180 mg-24 h group for 8 (25.0%) events at 30 days after discharge (*P* = 0.932). The majority of dyspnea events were mild and only one patient with dyspnea in the T-180 mg-24 h group dropped out pre-maturely because of intolerability. The median duration in our hospital for PCI-treated patients is 6 (5--7) days. The results during hospitalization were the same as those at 30 days after discharge \[Table [3](#T3){ref-type="table"}\]. No deaths were reported during the whole follow-up period.

###### 

Bleedings and dyspnea events of the Chinese patients with acute coronary syndrome patients with complicated coronary artery.
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Discussion
==========

Among Chinese patients with ACS with complicated CAD managed by PCI, considering all outcomes of the platelet function assays and adverse events, switching to a loading dose of ticagrelor or a maintenance dose of ticagrelor at 24 h after the last dose of clopidogrel is the optimal transformation strategy. Switching from clopidogrel to a bolus of 180 mg of ticagrelor in the early phase is consistent with the updated ESC dual anti-platelet guidelines, whereas the switching strategy without a reloading dose is similar to SHIFT-OVER study.^\[[@R1],[@R25],[@R26]\]^ Yet, they lack the best switching time as well as Chinese patients with complicated CAD. However, it is important to concentrate on the best switching time, as a result of, during non-acute phase (≥24 h from ACS or PCI), switching to a loading dose of ticagrelor pre-maturely, high bleeding risk might be observed in Chinese patients, who are inclined to have a higher bleeding risk than non-Asians.^\[[@R27],[@R28]\]^ Moreover, Chinese patients with a high mortality of CAD or Asians with a different response to ticagrelor were not included in the ESC dual anti-platelet guidelines and other trials.^\[[@R29]--[@R31]\]^ A well-known fact is that, treatment with ticagrelor is preferred in patients with complicated CAD, as ticagrelor has been shown to be superior to clopidogrel in reducing the recurrence of ischemic events.^\[[@R6]--[@R10]\]^ However, in the real world, treatment with clopidogrel is more common before coronary angiography because of costs and side effects; thus, various conversion regimens from clopidogrel to ticagrelor have been conducted in clinical practice and are still under debate.^\[[@R25],[@R26]\]^ In the PLATO trial, nearly half of patients initiated clopidogrel treatment and then switched to a 180 mg loading dose of ticagrelor followed by 90 mg of ticagrelor twice daily regardless of the timing of their last dose of clopidogrel, and all patients received benefits from ticagrelor therapy.^\[[@R8]\]^ The strategy of switching from clopidogrel to ticagrelor was performed in patients with stable CAD who were either responders or non-responders according to HPR status in the Response to Ticagrelor in Clopidogrel Nonresponders and Responders and Effect of Switching Therapies (RESPOND) study. The RESPOND study, in which various pharmacodynamic assays were performed, indicated that all patients who switched their treatment to ticagrelor showed a significant reduction in platelet reactivity.^\[[@R24]\]^ The above two large studies were not tailored to determine the optimal switching strategy, whereas our study analyzed the dose and time point of switching from clopidogrel to ticagrelor in Chinese patients with ACS with complicated CAD by comparing the pharmacodynamic assessments and adverse events among three groups with different dosages and timing. For pharmacodynamic assessments, routine platelet function testing was not recommended by the guidelines as a result of low cost-effectiveness and poor accuracy which attributed to individual difference, operational error, and laboratory environment. However, certain predictability for ischemic events of platelet function testing and the clinical utility of platelet function testing for guiding anti-platelet therapy has been proved by some previous trials. So, it is beneficial to evaluate the effect of anti-platelet drugs via using platelet function testing, especially for acute phase. Additionally, the LTA with strong clinical practicability and long experience for good predictability was employed in this study to balance the debate of the low cost-effectiveness and accuracy in Chinese patients.^\[[@R1],[@R32],[@R33]\]^ Finally, the results revealed that the T-180 mg-24 h group and the T-90 mg-24 h group exhibited the greatest efficacy in the pharmacodynamic assessments. The most common reasons for discontinuing ticagrelor therapy are bleeding and dyspnea, and treatment interruption is associated with poor prognosis.^\[[@R34]\]^ Moreover, these adverse events are typically observed when patients are treated with a high-dose of ticagrelor.^\[[@R35]\]^ However, treatment of patients with a 180 mg bolus of ticagrelor did not increase the proportion of adverse events compared with managed by the standard dose in the present study.

Another noticeable discovery is that the difference between the T-90 mg-12 h group and the T-90 mg-24 h group in pharmacodynamic assessments suggests the presence of a negative pharmacodynamic interaction between the overlap for clopidogrel and ticagrelor at 12 h after the last dose of clopidogrel. However, this finding was contrary to the Comparative Pharmacodynamic Study of Ticagrelor versus Clopidogrel and Ticagrelor in Patients Undergoing Primary ercutaneous Coronary Intervention (CAPITAL RELOAD) study reported in 2014, which demonstrated a positive pharmacodynamic interaction between clopidogrel and ticagrelor regardless of the interval time.^\[[@R36]\]^ Importantly, according to a recent study, we inferred that the occupied P2Y~12~ receptors might be incompletely cleared at 12 h compared to 24 h after the application of clopidogrel.^\[[@R37]\]^ This phenomenon corresponded to the inhibition of platelet aggregation by clopidogrel, which could last for a longer time.^\[[@R26]\]^ Thus, we hypothesized that a higher level of occupied P2Y~12~ receptors, which was inversely proportional to time, corresponded with a stronger influence on the subsequent binding drugs. We tried to acquire some clues for further exploring the drug interactions based on the recently updated viewpoints. The traditional non-competitive mode of inhibiting the ADP binding site with ticagrelor was challenged by a competitive mode, in which the Cys194 residue of the P2Y~12~ receptor protein contributed to the recognition of ticagrelor, whereas clopidogrel interacted with the Cys97 residue of the receptor protein, but structurally, the two residues were not the unique binding sites, and whether the distance between the two residues was far enough to not severely affect the binding of ticagrelor with P2Y~12~ when clopidogrel was bound still requires further clarification.^\[[@R38]--[@R40]\]^ All the above new viewpoints might be coincided with the mild negative impact on ticagrelor pharmacodynamics at 12 h after the last dose of clopidogrel. As we all know, the early phase after PCI or ACS could be a potential vulnerable period for ischaemic complications especially in patients with complicated CAD, who may be more prone to stent thrombosis.^\[[@R41],[@R42]\]^ Overall, the assumption of the interaction of receptor binding sites and the updated mechanisms might make it possible for us to avoid the transformation that occurs at 12 h after medication, which is based on the possible negative pharmacodynamics between the overlap for clopidogrel and ticagrelor detected in this study at 12 h after clopidogrel treatment. This finding further supports that the optimal transformation time point is 24 h after the last clopidogrel treatment, which concurred with the pharmacodynamic assessments above. Additional larger studies are warranted to assess the pharmacokinetics to verify this conclusion.

The present study was certainly not without limitations. First, our study was an open-label study with inherent biases. Nevertheless, all the adverse events that occurred during hospitalization were adjudicated by clinicians who were unaware of treatment allocations to minimize the potential biases. Second, although a larger sample size and a various measure of platelet functions were needed in our study, such studies are difficult to implement because we are a developing country and the platelet function testing by verifynow and vasodilator stimulated phosphoprotein costs more than 10% of a per capita disposable income every year in Liaoning, China.^\[[@R43]\]^ Nevertheless, the results of the pharmacodynamics and adverse reactions might still provide a reference for switching from clopidogrel to ticagrelor treatment. Third, 180 mg of ticagrelor at 12 h after clopidogrel treatment was not evaluated in our study because Asians are believed to have a higher bleeding risk during anti-thrombotic therapy.^\[[@R27],[@R28]\]^ Whether there are benefits to this switching therapies remains unknown. Finally, the potential interrelationship observed between the overlap for clopidogrel and ticagrelor in our study did not lead to a definitive conclusion due to the absence of pharmacokinetic measurements of ticagrelor, its major metabolite and the active metabolite of clopidogrel. Therefore, the potential mechanism of the interaction between the overlap for these drugs warrants further study.

In conclusion, the present study showed that ACS Chinese patients with complicated CAD managed by PCI can indeed benefit from switching from clopidogrel to ticagrelor for platelet inhibition. Our data suggests based on the pharmacodynamic assessments and adverse events that switching to ticagrelor with a bolus of 180 or 90 mg at 24 h after the last dose of clopidogrel is the optimal therapy in Chinese patients with ACS with complicated CAD managed by PCI. Furthermore, this study indicates that there seems to be a negative interaction between the overlap for clopidogrel and ticagrelor at 12 h after the last dose of clopidogrel. Additional larger studies are warranted to further verify the conclusions of our trial.
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